Introduction
Mesenchymal stem cells (MSCs) are an enticing potential therapeutic agent for a variety of inflammatory conditions, including those that occur in the gastrointestinal tract. MSCs are currently being tested as a cellular therapy in chronic intestinal diseases, such as complicated fistulas and inflammatory bowel disease (1, 2) . Key clinical questions involving MSC transplantation include the ideal route of delivery, tissue source, cell number, and the frequency of injection. What has stymied progress is the lack of understanding of the specific factors produced by MSCs that functionally affect intestinal repair. A more complete understanding of the basic mechanisms of intestinal repair in normal and pathological settings will allow for better targeted use of MSC therapies.
MSCs were initially transplanted into patients with inflammatory/degenerative diseases because of their unique stem cell characteristics, as determined by in vitro studies. MSCs are fibroblastlike cells that are capable of self-renewal and differentiation into several mesenchymal lineages (3) . They are capable of migrating to sites of inflammation and injury and are thought to be nonimmunogenic because they can be transplanted through intravenous or local injection into allogeneic hosts (4) . Despite promising outcomes in animal and early clinical trials, the majority of intravenously injected MSCs became trapped in the lung, limiting their ability as tissue stem cells (5, 6) . Now, the main mechanism of how transplanted MSCs function is considered to be secretion of proregenerative and antiinflammatory factors (3, 4, 6, 7) . While MSCs secrete several antiinflammatory factors that can act at a long distance (e.g., IL-10 and antiinflammatory protein TSG-6), they also produce several factors that are short-lived in the bloodstream (e.g., VEGF-A and prostaglandins) (4) . Depending on the disease and organ affected, MSCs may need to migrate directly to an area of injury and secrete factors locally to reach maximal therapeutic outcomes.
To study the role of transplanted MSCs in stimulating intestinal repair, we used an acute injury model that focally injures the colonic mucosa through endoscopy-directed biopsy. To initiate injury, forceps physically remove a small fragment of the distal colon mucosa, while leaving the underlying muscularis propria intact. A major strength of this experimental system is that it is amenable to quantitative analysis of in vivo lesions due to the precise timing and location of mucosal damage and repair (8) (9) (10) (11) (12) (13) . Thus, the in vivo mechanisms of mucosal repair are tractable using this model. We previously found that focal injury induced by biopsy (biopsy injury) in prostaglandin-deficient mice leads to penetrating ulcers that develop around 6 days after the initial injury (14) . As we ultimately wanted to use MSC transplantation to stimulate repair in this model, we first needed to determine the mechanism of penetrating ulcer formation.
Penetrating ulcers can occur throughout the gastrointestinal tract and are associated with chronic inflammation (15, 16) and inhibition of prostaglandin production (17, 18) , though the mechanisms for how they form are unknown. The two rate-limiting enzymes for prostaglandin production, prostaglandin-endoperoxide synthase 1
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Mucosally transplanted mesenchymal stem cells stimulate intestinal healing by promoting angiogenesis
Ptgir +/+ mice showed minimal evidence of muscle wall damage ( Figure 1 , H and I). These results show that PGI 2 was required to prevent loss of α-SMA staining in the muscularis propria after colonic biopsy injury.
Loss of α-SMA is due to colonic smooth muscle necrosis. We next confirmed that the loss of α-SMA staining in Ptgs2 -/colonic injuries was due to smooth muscle cell death. To perform smooth muscle cell-tracing experiments, we generated Acta2-CreER T knockin mice and bred them to R26 mT/mG reporter mice (24) . After tamoxifen induction, virtually all α-SMA-positive cells of uninjured colons were EGFP positive (Supplemental Figure  3A) , a finding observed throughout the gastrointestinal tract (Supplemental Figure 3 , B-G). We injured tamoxifen-induced Acta2-CreER T R26 mT/mG mice and treated them with either the selective PTGS2 inhibitor NS-398 (25) (that led to comparable healing defects as in injured Ptgs2 -/mice; Supplemental Figure  4 ) or vehicle. At day 6 after injury, we evaluated the localization of EGFP and α-SMA expression in the muscularis propria. In vehicle-treated controls, smooth muscle cells beneath the wound bed coexpressed EGFP and α-SMA ( Figure 2 , A and B). In NS-398-treated mice, α-SMA staining was focally lost within the muscularis propria immediately beneath the wound as expected ( Figure 2 , C and D). In this same area, EGFP staining was no longer detected in all the wounds examined, indicating that the smooth muscle cells had died and not downregulated α-SMA by dedifferentiation.
The smooth muscle cell death in mucosa-injured Ptgs2 -/mice occurred primarily by necrosis. We evaluated H&E-stained sections of WT and Ptgs2 -/mice to examine histologic hallmarks of necrosis, which preceded the eventual loss of smooth muscle cells, at 2 and 4 days after injury. No signs of smooth muscle necrosis were detected in any of the wound sections from WT or Ptgs2 -/mice 2 days after injury (Supplemental Figure 5 ). Four days after injury, injured WT mice showed little evidence of coagulative necrosis ( Figure 2 , E and F), whereas Ptgs2 -/wounds showed areas of coagulative necrosis in the area of the original muscularis propria (Figure 2 , G-I). The key histologic features were replacement of smooth muscle cells with eosinophilic material that lacked the typical elongated nuclei of smooth muscle cells. In addition, at day 4 after injury, WT and Ptgir -/mice showed no difference in smooth muscle cell proliferation, further supporting a primary role for cell death in this phenotype (Supplemental Figure 6 ). We also considered the possibility that smooth muscle cells in Ptgs2 -/mice died via other mechanisms. At day 2 after injury, wounds from Ptgs2 -/mice contained more cleaved caspase-3-positive cells in the muscularis propria (Supplemental Figure 7 ). However, by day 4 after injury (when the muscularis propria was still intact), wounds of WT and Ptgs2 -/mice contained similar numbers of cleaved caspase-3-positive cells in the muscularis propria. In addition, there was no evidence of increased necroptosis in PTGS2-inhibited biopsyinjured mice (Supplemental Figure 8 ). Because of the temporal relationship between necrosis and muscle loss in Ptgs2 -/mice, we focused on mechanisms related to necrosis.
Defective angiogenesis in mucosal wounds results in hypoxia and penetrating ulcers. Coagulative necrosis most commonly occurs in tissues secondary to localized ischemia. We stained wounds from and 2 (PTGS1 and PTGS2, also known as COX-1 and COX-2), are inhibited by NSAIDs (19) . NSAIDs and PTGS2-specific inhibitors are associated with gastrointestinal ulcers that can penetrate the outer smooth muscle wall (muscularis propria) (20, 21) . Such penetrating ulcers result in replacement of the muscle wall with immature blood vessels and macrophages, termed granulation tissue (15, 22) . NSAIDs are typically associated with gastric and duodenal ulcers, but the use of slow-release NSAIDs can result in lesions in the distal small intestine and colon, suggesting that there may be a common mechanism of NSAID-induced ulceration in the gastrointestinal tract (21) . Understanding how penetrating ulcers form may help prevent their formation and improve therapies designed to accelerate ulcer healing, such as MSC transplantation.
Here, we first took an in vivo approach to determine the mechanism of penetrating ulcer formation. We found that prostaglandin I 2 (PGI 2 ) was necessary to prevent penetrating ulcers after colonic biopsy injury. We found that, within injured Ptgs2 -/and PGI 2 receptor knockout (Ptgir -/-) mice, defective VEGF-dependent angiogenesis led to local tissue hypoxia and smooth muscle necrosis. We used knowledge of this mechanism to design additional experiments to test the role of transplanted MSCs in mucosal repair. We found that, in contrast to intravenously injected colonic MSCs (cMSCs), mucosally transplanted cells robustly migrated to wounds and rescued penetrating ulcer formation. This rescue was dependent on VEGF expression in the transplanted cMSCs. These results show that proper angiogenesis is required for intestinal repair after injury and that mucosally transplanted MSCs can migrate to sites of injury in the intestine to stimulate VEGF-dependent angiogenesis and proper regeneration.
Results
PGI 2 is required to prevent penetrating ulcers after colonic mucosal injury. We previously showed that colonic mucosal injury of Ptgs2 -/mice led to penetrating ulcers, as highlighted by loss of α-smooth muscle actin (α-SMA [Acta2]) staining within the underlying muscularis propria ( Figure 1 , A and B). This was not an immediate consequence of injury, as α-SMA loss occurred 6 days after biopsy injury (14) . In our previous study, coadministration of two stable prostaglandin analogs of PGE 2 and PGI 2 prevented loss of staining in the muscularis propria of mucosally injured Ptgs2 -/mice (14) .
Here, we determined that PGI 2 was the critical prostaglandin for smooth muscle protection after mucosal injury. Vehicleinjected mice showed expected phenotypes at day 6 after injury; WT controls showed minimal damage ( Figure 1C ), while Ptgs2 -/mice showed extensive damage, as quantified by loss of α-SMA staining in the outer longitudinal layer of the muscularis propria ( Figure 1D ). In experimental groups, the α-SMA staining underlying wounds from Ptgs2 -/mice injected with stable analogs of PGI 2 was similar to that of WT mice, while wounds from Ptgs2 -/mice injected with multiple doses of stable analogs of PGE 2 were similar to those of vehicleinjected Ptgs2 -/mice (Figure 1 , E-G, and Supplemental Figure 1 ). These results showed that PGI 2 analogs prevented damage to the muscle wall of biopsy-injured Ptgs2 -/mice (Supplemental Figure 2 ).
We next injured Ptgir -/mice (23) that lack the single receptor for PGI 2 . Colonic mucosal injuries of Ptgir -/mice showed extensive loss of α-SMA staining at day 6 after injury, while littermate jci.org Volume 125 Number 9 September 2015 at this time point, 2 hours before sacrifice, we injected groups of Ptgs2 -/and WT mice with a nitroimidazole that detects hypoxic cells [2-(2-nitro-1H-imidazol-1yl)-N-(2,2,3,3,3-pentafluoropropyl) acetamide (EF5)] (28) . EF5 is retained within hypoxic cells by nonspecific binding to intracellular macromolecules, and this compound can be detected by immunofluorescence localization with an anti-EF5 antibody (28) . We found that wounds from Ptgs2 -/mice had significantly more EF5-positive cells than WT mice at day 4 after injury (Supplemental Figure 9 ). These two independent assays showed that the colonic wound beds of Ptgs2 -/mice were hypoxic.
WT, Ptgs2 -/-, and Ptgir -/mice 4 days after injury with HIF-1α antisera to detect hypoxic cells (26) . The surface epithelium of the mouse colon is hypoxic, likely due to the anaerobic nature of the lumen (27) . All mice in all groups showed readily detectable HIF-1α staining in surface epithelial cells, covering both wounded and nonwounded areas ( Figure 3 , A-F). At day 4 after injury, Ptgs2 -/and Ptgir -/mice showed abundant HIF-1α-positive cells that were concentrated in the area of the muscularis propria and an underlying area of expanded serosa (Figure 3 , C-F). In contrast, similarly injured WT mice showed far fewer HIF-1α-positive cells in this area of the wound ( Figure 3G ). As additional evidence for hypoxia pan-VEGFR tyrosine kinase inhibitor (31) . Vehicle-treated mice 4 days after injury showed abundant blood vessels within wound beds and scant HIF-1α-positive cells within the muscularis propria as expected ( Figure 4 , A and B). In contrast, VEGFR inhibitor-treated mice showed fewer blood vessels within the center of mucosal wounds and more abundant HIF-1α-positive cells ( Figure  4 , C-F). Importantly, at day 6 after injury, smooth muscle necrosis occurred in VEGFR inhibitor-treated mice as compared with that in vehicle-treated controls ( Figure 4 , G and H). At day 6 after injury, we found that PGI 2 analogs could not rescue the smooth muscle necrosis in VEGFR-inhibited mice ( Figure 4 , I and J). This result suggested that PGI 2 did not act directly on the smooth muscle cells to prevent smooth muscle necrosis and that PGI 2 was upstream of VEGF-induced angiogenesis. Since modulating epithelial proliferation can also impact colonic wound repair (11) (12) (13) 32) , we measured the percentage of Ki67-positive epithelial cells immediately adjacent to WT and Ptgir -/day 4 wounds and found no significant differences (Supplemental Figure 12 ). Taken together, these results showed that defective angiogenesis in mucosal wounds led to local hypoxia and subsequent smooth muscle necrosis ( Figure 4K ). Mucosally injected cMSCs migrate to wound beds and prevent penetrating ulcers in Ptgir -/mice. Knowing the key elements of We hypothesized that hypoxia in Ptgs2 -/and Ptgir -/colonic wounds resulted from defective angiogenesis. We found that WT mice contained abundant CD31-positive endothelial cells located in the central wound bed 4 days after biopsy ( Figure 3H ). However, Ptgs2 -/and Ptgir -/mice had significantly fewer CD31-positive cells in their central wound beds at this time point (Figure 3 , I-K). These data suggested that local hypoxia in Ptgs2 -/and Ptgir -/wounds was due to defective angiogenesis. We next stained wounds for VEGF, a critical factor for angiogenesis (29) . We detected fewer VEGFexpressing cells in the wound beds of Ptgs2 -/and Ptgir -/mice at day 4 after injury as compared with those in WT controls ( Figure  3L and Supplemental Figure 10 ). As many cell types can express VEGF, including macrophages (22) and fibroblasts (30), we additionally stained WT wounds for F4/80 to label macrophages. We found that VEGF-expressing cells included F4/80-positive macrophages and F4/80-negative cells with fibroblast morphology (Supplemental Figure 11 ), indicating that there were multiple VEGF-expressing cell types within wounds. These data showed that PGI 2 signaling was necessary to stimulate VEGF expression within mucosal wounds during repair.
To functionally show that hypoxic damage caused muscle necrosis, we inhibited angiogenesis in WT mice with tivozanib, a Representative images of colonic sections from Acta2-CreER T R26 mT/mG mice that were injected with (A) vehicle or (C) the PTGS2 inhibitor, NS-398, for 6 days after biopsy injury. Acta2-CreER T R26 mT/mG mice were injected with tamoxifen 2 weeks prior to colonic biopsy injury to permanently label α-SMA-expressing smooth muscle cells (green), and sections from PTGS2-inhibited or vehicle-treated mice 6 days after injury were stained with anti-α-SMA antisera (red, smooth muscle cells) and bisbenzimide (blue, nuclei). intravenously injected 1 × 10 6 cMSCs that were isolated from the colons of GFP-expressing mice. Cells were injected 24 hours after colonic biopsy injury into Ptgir -/mice. We found no detectable GFP-expressing cells in wound beds 5 days after transplantation ( Figure 5A ). After intravenous injection, the majority of monolayer-cultured MSCs typically become trapped in the lung (5), in which they can potentially exert systemic effects by secretion of antiinflammatory factors acting at long distances (35) . However, biopsy-injured Ptgir -/mice given intravenous cMSCs still had marked smooth muscle necrosis in areas of colonic injury ( Figure 5B ).
how penetrating ulcers form, we were able to investigate whether transplanted MSCs could be a potential therapy to stimulate intestinal repair in our model. We hypothesized that MSCs could be a potential cellular therapy because they express high levels of VEGF in culture relative to other growth factors and cytokines (33) . We chose to use MSCs isolated from the colon in our studies because they have higher levels of VEGF expression as compared with MSCs isolated from the bone marrow (34) . A major technical challenge in using MSCs for the treatment of intestinal diseases is the route of delivery. As the majority of clinical trials use intravenous delivery, we initially We hypothesized that transplanted cMSCs must be located in the wound bed to stimulate angiogenesis because VEGF has a short half-life in serum (~20-30 minutes) (36) . Therefore, we developed what we believe to be a novel technique to inject cMSCs directly into the intestinal mucosa. We injected 1 × 10 6 GFP-expressing cMSCs under endoscopic guidance into the submucosa just proximal to the anorectal junction 24 hours after Ptgir -/mice were injured via biopsy (Supplemental Figure 13 ). We found that within 5 days cMSCs migrated to all wound beds within the distal colon ( Figure 5C and Supplemental Figure 14 ) and rescued the muscle necrosis phenotype (Figure 5, D and E) . In addition, the vascular pattern was rescued at day 4 after injury, and the numbers of VEGF-positive cells and blood vessels in Ptgir -/mice were similar to those in WT mice ( Figure 5 , F-H, and Supplemental Figure 15 ). Furthermore, we did not find any evidence of cMSC differentiation into endothelial cells or smooth muscle cells by 6 days after injury (Supplemental Figure 16 ). These findings suggested that mucosally injected cMSCs migrated to the wound bed and stimulated angiogenesis and thus prevented smooth muscle necrosis.
To confirm that mucosally transplanted cMSCs must migrate to wound beds to stimulate repair, we tested a known inhibitor of MSC chemotaxis. The best-characterized receptor on MSCs that responds to chemotactic factors is CXCR4 (37, 38) . We treated Ptgir -/mice injected with 1 × 10 6 GFP-expressing cMSCs with AMD3100, a well-established inhibitor of CXCR4 (39) . Inhibition of CXCR4 was sufficient to block the migration of cMSCs into the wound bed as compared with that in controls ( Figure  5I ). The majority of the transplanted cMSCs remained at the injection site in these mice ( Figure 5J ). Importantly, AMD3100treated Ptgir -/mice showed smooth muscle necrosis, indicating that cMSCs must act locally within the wound bed ( Figure 5 , K and L). Taken together, our results support the hypothesis that cMSCs produced VEGF locally to stimulate angiogenesis and prevent muscle necrosis in Ptgir -/mice.
cMSCs required maximal VEGF expression to rescue smooth muscle necrosis. To test that VEGF expression in cMSCs was a major factor that stimulated angiogenesis and prevented muscle necrosis in injured mouse colons, we performed knockdown of VEGF expression in cMSCs. We produced two separate lines using independent shRNAs that showed a 55% and 75% reduction of Vegf mRNA as compared with nontargeting shRNA lines ( Figure 6A ). This level of knockdown is relevant, as mice that are heterozygous for Vegf are not viable due to the exquisite dose dependency of VEGF (29) . Nontargeting and VEGF shRNA lines maintained cell surface markers consistent with those of cMSCs (Supplemental Figure 17 ) (34) . We found that the minimal number of nontargeting shRNA cMSCs that rescued muscle necrosis in injured Ptgir -/mice was 3 × 10 5 injected cells ( Figure 6B ). We injected the two VEGF knockdown lines at this dose and found that they were less effective at preventing muscle necrosis in injured Ptgir -/mice ( Figure 6 , C and D). We then surmised that injecting greater numbers of VEGF knockdown cells should increase VEGF delivery and also rescue smooth cell necrosis. We found that, at the dose of 1 × 10 6 injected cells, both the scrambled and VEGF shRNA cells rescued smooth muscle loss (Supplemental Figure 18) . These results support a critical role of VEGF in preventing muscle necrosis in areas immediately beneath mucosal wounds.
Discussion
The penetrating ulcers in biopsy-injured Ptgs2 -/mice model penetrating ulcers that can develop in patients with inflammatory bowel disease or in patients taking chronic NSAIDs or VEGF inhibitors (15, 22) . We took an in vivo approach to explain the mechanism of penetrating ulcer formation in our model. Mucosal injury in Ptgs2 -/mice caused smooth muscle necrosis in areas directly underlying the injury that was secondary to hypoxic injury and poor angiogenic response in the wound bed. We found that PGI 2 stimulated VEGF expression and angiogenesis within wound beds. We then developed a method to mucosally inject cMSCs in order to deliver VEGF to colonic wounds. We found that mucosally injected cMSCs were better able to migrate to wounds than intravenously injected cMSCs and were recruited in a CXCR4-dependent mechanism. Mucosally injected cMSCs rescued defects in repair, which was dependent on VEGF expression and stimulation of angiogenesis in the wound bed ( Figure 6E ).
Our results have potential clinical relevance for the prevention and treatment of penetrating ulcers that occur as a complication of gastrointestinal diseases. For example, local injection of MSCs is being tested as a treatment for perianal fistulas associated with Crohn's disease (40) . Perianal fistula formation is a common complication of Crohn's disease, with a risk for development of between 17% and 50% (41) . In phase I (42) and phase II (43) clinical trials by the same group, MSCs injected into fistulas led to improved healing. Although MSCs are an exciting potential treatment for perianal fistulas, more research is needed to determine their mechanism of action and optimal conditions for use. Based on our results, we would propose that local angiogenesis is an important mechanism.
Future studies should also consider comparing MSCs isolated from different tissues and different methods of in vitro expansion. The purpose would be to find and utilize MSCs with the highest VEGF expression. For example, global gene analysis of MSCs isolated from mice showed that cMSCs produce more Vegf mRNA than bone marrow MSCs (34) . It is likely that cMSCs produce other proangiogenic or prohealing factors that work via other pathways, but our results suggest that MSCs are most effective for mucosal wound healing when injected intramucosally and that VEGF expression/angiogenesis plays an important part in mucosal repair.
MSCs are also being tested for treatment of Crohn's disease due to their antiinflammatory properties, though the early clinical trials have been inconclusive (44) , possibly due to the use of intravenous delivery of MSCs. Our results are consistent with the predominant theory that intravenous transplantation leads to the majority of MSCs getting trapped in the lung and poor recruitment to inflamed or injured peripheral tissues (4) . As such, we suggest that mucosal injection into the rectum just proximal to the anorectal junction may allow MSCs to migrate more successfully throughout the inflamed intestine and may lead to improved regeneration and mucosal healing in patients with Crohn's disease.
Our results suggest that poor angiogenic response after mucosal injury is a common mechanism that can lead to penetrating ulcers in mice and humans. We found that tivozanib, which selectively inhibits the 3 VEGF receptors and potently inhibits angiogenesis in vivo (31, 45), caused penetrating ulcers similar jci.org Volume 125 Number 9 September 2015 eral cell types in vitro (19, 50, 51) . In contrast, PGI 2 has been relatively understudied in vivo. A few studies suggest that PGI 2 is potentially relevant, as it can induce VEGF in several cell types known to be important in mucosal wounds, including fibroblasts (52) and macrophages (53) . The PGE 2 analog used in this study does not bind one of the PGE 2 receptors, EP1, and the PGI 2 analog used in this study can activate EP1 (54) (55) (56) . Therefore, it is possible that EP1 signaling, in addition to PGI 2 receptor signaling, could play a role in preventing smooth muscle loss. However, our genetic knockout studies found a clear role for PGI 2 and its downstream receptor in the prevention of penetrating ulcers in the colon through stimulation of angiogenesis.
Here, we have shown that transplanted cMSCs can stimulate proper repair using a mouse model of penetrating ulcers in the gastrointestinal tract. Few studies have determined the mechanisms by which transplanted MSCs ameliorate disease. One such study showed that intravenously transplanted MSCs became trapped in the lung and secreted TSG-6, which systemically dampened inflammation and reduced myocardial infarction size (35) . We describe in detail one disease condition in which MSCs must migrate locally to modulate the injured tissue microenvironment. The major difference in our mechanism is that VEGF does not have a long half-life and must be produced near the injured tissue. We anticipate that these findings will be translated to human gastrointestinal disorders, such as inflammatory bowel disease, and may have relevance for chronic tissue injury and repair outside of the gastrointestinal tract.
Methods

Generation of the Acta2-CreER T line
The Acta2-CreER T line was generated using the same method as described in earlier reports (57) . Briefly, the Acta2-containing BAC clone (RP24-374H8) was purchased from the Children's Hospital Oakland Research Institute. The BAC was isolated and transformed to those in injured Ptgs2 -/mice. Interestingly, similar to chronic NSAID use, VEGF inhibitors are associated with human gastrointestinal perforations. The anti-VEGF antibody bevacizumab is associated with bowel perforation in up to 2.4% of patients with cancer, through unknown mechanisms (46) . Penetrating ulcer and fistula formation also occurs in patients with inflammatory bowel disease, who have been shown to have abnormal blood vessel architecture and angiogenic responses due to chronic inflammation (47) . We suggest that hypoxia and subsequent necrosis occur secondarily to defective angiogenesis, which may be a common mechanism for development of penetrating ulceration in humans.
We previously showed that Ptgs2 -/mice lost α-SMA staining underlying wound beds at day 6 after injury (14) . As α-SMA expression can be downregulated in myofibroblasts (48) or vascular cells (49) following inflammation, it is possible that smooth muscle cells in injured Ptgs2 -/mice underwent dedifferentiation following injury. We tracked marked smooth muscle cells using injured Acta2-CreER T R26 mT/mG mice in which tamoxifen injection efficiently marked all α-SMA-expressing cells before injury. This model allowed us to determine that cells in the muscularis propria did not downregulate α-SMA in PTGS2-inhibited mice 6 days after injury and instead led to smooth muscle cell death.
One unexpected finding was that PGI 2 was the critical prostaglandin to stimulate angiogenesis and prevent penetrating ulcers after colonic biopsy injury. PGE 2 has been shown to stimulate angiogenesis in many models and induce VEGF expression in sev- Colonic processing for wound sections Mice were sacrificed 2, 4, or 6 days after colonic biopsy. The dissected colons were flushed with PBS and then OCT compound and opened longitudinally. The wound beds, including 1 to 2 mm of adjacent uninjured area, were pinned out and cut with a razor blade under guidance of a stereoscope (Olympus) and photographed (Olympus). Then, 10-× 10-mm fragments of intestine, with the wound located at the center, were frozen in OCT, and perpendicular serial 5-μm sections were cut completely through each wound bed in a proximal to distal orientation relative to the in vivo colon (see ref. 14 for additional details). The sections from the center of the wound were used for analysis and stored at -80°C until use.
Immunofluorescence staining of wound sections Stored frozen sections of colons were immediately fixed in 4% paraformaldehyde (in PBS, pH 7.4) for 10 minutes at 4°C, rinsed in PBS (three 5-minute washes) at 24°C, blocked in 3% bovine serum albumin/0.5% Triton-X for 20 minutes at 24°C, and incubated with primary antibody for 1 hour at 24°C. Sections were then rinsed 3 times for 5 minutes each time with PBS and incubated with secondary antibodies for all nonconjugated primary antibodies for 1 hour at 24°C. Sections were then rinsed 3 times for 5 minutes each time with PBS, stained with bisbenzimide (1:10,000 dilution, Life Technologies) to label nuclei, and mounted with Mowiol 4-88 (EMD Chemicals). Sections were photographed with a Zeiss Axiovert 200 with an Axiocam MRM camera.
Antibodies for immunofluorescence and flow cytometry
Primary antibodies used were mouse monoclonal anti-α-SMA conjugated to Cy3 (clone 1A4; Sigma-Aldrich), rat monoclonal anti-Ep-CAM conjugated to Alexa Fluor 647 (clone G8.8; BioLegend), rabbit monoclonal anti-Ki67 (clone SP6; Vector), rat monoclonal anti-CD29 (clone KMI6; BD Biosciences), rat monoclonal anti-CD31 (clone MEC 13.3; BD Biosciences), rat monoclonal anti-CD44 (clone IM7; BD Biosciences), rat monoclonal anti-CD45 (clone 30-F11; BD Biosciences), rat monoclonal IgG2a isotype control (clone R11-89; BD Biosciences), rat monoclonal IgG2b isotype control (clone RTK4530; BD Biosciences), rabbit polyclonal anti-HIF-1α (Novus), rabbit polyclonal anti-β-catenin (Sigma-Aldrich), rat monoclonal anti-VEGF (clone 1F07-2C01; BioLegend), rat polyclonal anti-GFP (Abcam), rat monoclonal anti-F4/80 conjugated to Alexa Fluor 488 (clone BM8; BioLegend), rabbit monoclonal anti-cleaved caspase-3 (clone 5A1E; Cell Signaling Technology), and mouse monoclonal anti-EF5 (clone ELK3-51 conjugated to Alexa Fluor 488; gift provided by Cameron Koch, University of Pennsylvania, Philadelphia, Pennsylvania, USA). All primary antibodies were used at 1:100 except for anti-VEGF (1:50), anti-Ki67 (1:200), anti-α-SMA (1:500), and anti-EF5 (provided at 75 μg/ml concentration and not diluted). For all unconjugated antibodies, appropriate donkey anti-rat or anti-rabbit secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 594 (Life Technologies) were used at 1:500 dilution to visualize staining.
Quantification of immunofluorescence images α-SMA. Colonic sections stained with anti-α-SMA-Cy3 antisera were photographed at 10×, and the images were cropped to only include the wound bed and underlying muscle layers. The Cy3 channel was opened in ImageJ software (http://imagej.nih.gov/ij/), converted to binary, and the outer longitudinal muscle was outlined by hand. The average into SW105-competent cells. A CreERT FrtNeoFrt cassette was PCR amplified from a pl451 plasmid with primer overhangs homologous to the sequence surrounding the ATG translational start site of Acta2. The PCR product was inserted into the BAC using recombineering. After removal of the Neo cassette by arabinose-induced flippase, BAC DNA was microinjected into the pronucleus of fertilized CBAx-C57BL/6J oocytes. Only 1 of 2 positive potential founders transmitted through the germline to F 1 . This line 1 was backcrossed to C57BL/6J for at least 6 generations and was used for all subsequent experiments. Genotyping for Acta2-CreER T was done using forward primer 5′-ACCAAGAACCCTGTCTGTGG-3′ and reverse primer 5′-CAT-GTTTAGCTGGCCCAAAT-3′.
Mice
Ptgs2 +/mice (58) were bred to generate littermate WT, Ptgs2 +/-, and Ptgs2 -/progeny for experiments. Ptgir +/mice (23) were a gift from Gregg Rokosh (University of Louisville, Louisville, Kentucky, USA) and were bred to generate WT, Ptgir +/-, and Ptgir -/mice. Acta2-CreER T mice were crossed with R26 mT/mG reporter mice (24) to label smooth muscle cells with EGFP. CMV immediate enhancer/β-actin promoter GFP mice (with global GFP expression) were obtained from The Jackson Laboratory. All mice were obtained from breeding colonies in the same barrier facility Clinical Sciences Research Building, Washington University Medical Center. All mice were on a C57BL/6 background, and adult male and female mice were used at between 8 to 16 weeks of age.
Mouse colonic biopsy method
We used a high-resolution miniaturized colonoscope system (Karl Storz) to visualize the colons in 10-to 16-week-old anesthetized mice (14) . We inflated the colons with PBS and removed fecal pellets using suction to allow for clear visualization of the distal colon by the endoscope. We then removed 1 to 3 full-thickness areas per mouse using 3 French flexible biopsy forceps inserted into the sheath adjacent to the camera. These biopsy injuries included the mucosa and submucosa and were spaced approximately 1 cm apart along the dorsal side of the colon of each mouse. Biopsy injuries were performed up to 6 cm from the anorectal junction and could not be performed past the transverse colon because of the rigid endoscope. All genetically modified mice were injured with the same technique. The inclusion criteria for a given wound were that there was no initial penetration of the muscularis propria (leading to an immediate perforation) and that the wound size was approximately 1 mm 2 , which is equivalent to removal of approximately 250 to 300 crypts.
Smooth muscle-tracing experiments
Acta2-CreER T R26 mT/mG mice were injected i.p. with 4 mg tamoxifen (Toronto Research Chemicals) 2 weeks before colonic biopsy. The reporter mouse expresses membrane-tethered tdTomato in all cells (driven by the ROS26 locus) (24) . Activation of Cre recombinase in the Acta2-expressing cells eliminates tdTomato expression and switches on EGFP in these cells. When we stained for α-SMA, tdTomato could not be detected due to the high relative signal of α-SMA. After colonic biopsy, mice were given daily i.p. injections of 5 mg/kg NS-398 (Cayman Chemical) or DMSO vehicle until sacrifice at day 6. A 25 mg/ml stock solution (in DMSO) was diluted to 5 mg/kg in sterile saline for daily injections. A volume of 150 μl was used for each injection. jci.org Volume 125 Number 9 September 2015 mouse β-actin (Sigma-Aldrich), followed by detection with HRPlabeled secondary anti-IgG antibodies and visualization by chemiluminescence (SuperSignal West Pico, Thermo Scientific Pierce).
Isolation of cMSCs cMSCs were isolated from WT or CMV immediate enhancer/β-actin promoter GFP mice (The Jackson Laboratory) using a protocol adapted from a previous study (34) . Briefly, the colons were removed, flushed, minced, and treated with media containing 1 mM DTT for 20 minutes to remove epithelial cells. The tissue was then treated with 0.66 mg/ml collagenase type 1 (from Clostridium histolyticum; Life Technologies) for 45 minutes in a shaking incubator at 37°C. Finally, the cells were filtered through a 70-μm filter, washed, plated on petri dishes, and allowed to attach overnight. Media containing Gibco Low-Glucose DMEM (Life Technologies) with 10 mmol/l HEPES and 10% FBS (Sigma-Aldrich) was changed every 2 to 3 days, and cMSCs grew out within a week. All experiments were performed using cells passaged fewer than 10 times after shRNA treatment.
Injection of cMSCs
For intravenous injection of cMSCs, 1 × 10 6 GFP-expressing cMSCs in 200 μl saline were injected into the tail veins of mice as slowly as possible 24 hours after biopsy injury. To setup the apparatus for mucosal injection of cells, a 30-gauge needle was attached using superglue to one end of an approximately 15-cm long piece of 26-gauge polytetrafluoroethylene thin-wall tubing (Zeus Industrial Products) each time an injection was performed. The tubing was inserted through the sheath adjacent to the colonoscope camera, and a 25-gauge needle was attached to the other end of the tubing that remained outside of the colonoscope. We then attached a syringe containing 1 × 10 6 GFP-expressing cMSCs in 100 μl of sterile saline to the needle outside of the colonoscope. 24 hours after biopsy, the 30-gauge needle was positioned just proximal to the anorectal junction and inserted at a minimal angle directly into the mucosa but not through the muscularis propria. cMSCs were then slowly injected into the mucosa to maintain cMSCs at the site of injection. Mice were sacrificed 5 days after cMSC injection, and the wounds were dissected, placed on a microscope slide, and observed under a fluorescent microscope to ensure that cMSCs successfully migrated into the wound beds up to 6 cm from the site of injection. For experiments using nontargeting or VEGF shRNA knockdown cMSCs, 3 × 10 5 cMSCs were injected just proximal to the anorectal junction 24 hours after injury, and mice were sacrificed at day 6 after injury. All wounds were then frozen in OCT and cut into 5-μm sections for analysis. number of α-SMA-positive pixels per wound bed length was calculated for each outlined area. This process was repeated 5 times per wound, and an average value was recorded. Each average value was normalized to WT or control wounds and reported as a percentage. HIF-1α-and EF5-positive cells. Colonic sections stained with HIF-1α and EF5 antisera were photographed at 10×, which included the entire wound bed. The number of positive staining cells within the wound bed or muscle layers was divided by the total wound bed length. We used the detectable HIF-1α staining in surface epithelial cells as the threshold to enumerate HIF-1α-positive cells in the wound bed.
VEGF shRNA knockdown in cMSCs
Blood vessels. Colonic sections stained with anti-CD31 antisera were photographed at 10×, which included the entire wound bed. The number of detectable CD31 + clusters within the wound bed was divided by the total wound bed length.
VEGF-positive cells. Overlapping images of the wound bed were taken at high magnification (×40). A construct of the entire wound bed was produced, and the total number of VEGF-positive cells was recorded per wound bed.
Inhibitors and compounds
The 2-nitroimidazole compound EF5 was a gift from Cameron Koch (University of Pennsylvania) produced by the National Cancer Institute. EF5 was dissolved in ethanol and then diluted in glucose to yield a final concentration of 10 mM EF5 in 5% glucose/2.4% ethanol solution 5% glucose plus 2.4% ethanol. We i.p. injected 10 μl/g body weight of the 10 mM drug solution 2 hours before sacrifice (1% by body weight). Staining specificity was tested by using the anti-EF5 antibody (regular stain) or anti-EF5 antibody mixed with 0.5 mM EF5 (competed stain) on serial sections.
The pan-VEGFR inhibitor tivozanib (AV-951; AdooQ BioScience) was dissolved in DMSO to produce a 20 mg/ml stock solution. Tivozanib (1 μg/kg body weight) was diluted into 300 μl corn oil and orally gavaged into WT mice once daily.
The selective PTGS2 inhibitor NS-398 (Cayman Chemical) was dissolved in DMSO to produce a 25 mg/ml stock solution. NS-398 was then diluted in sterile saline each day and i.p. injected at 5 mg/kg mouse body weight.
The PGE 2 analog 16,16-dimethyl prostaglandin E2 (Cayman Chemical) and PGI 2 analog iloprost (Cayman Chemical) were diluted into sterile 5% sodium bicarbonate immediate before use. Iloprost (200 μg/kg body weight) or 16,16-dimethyl prostaglandin E2 (10 μg/kg or 100 μg/kg body weight) were injected i.p. twice daily into biopsy-injured Ptgs2 -/mice.
The CXCR4 inhibitor AMD3100 (Sigma-Aldrich) was dissolved in water and i.p. injected once daily at 10 mg/kg body weight in sterile saline.
Immunoblotting for necroptosis
Extracts of whole colonic tissue (2 mm × 2 mm) were made by homogenization at 4°C in RIPA buffer containing NaF (50 mM), phosphatase inhibitors (no. 2 and 3; Sigma-Aldrich), and a protease inhibitor cocktail (Sigma-Aldrich). After centrifugation, supernatants were mixed with a loading buffer containing DTT (100 mM) and boiled, and 15 μg protein was loaded onto a 4% to 15% polyacrylamide gel. After gel electrophoresis and transfer to PVDF membrane, blots were blocked and stained overnight at 4°C with a rabbit monoclonal antibody against mouse phospho-MLKL (Abcam) or a mouse monoclonal antibody against jci.org Volume 125 Number 9 September 2015 and the groups were considered different. Comparisons between 2 groups that did not meet the assumptions of a parametric t test were compared using the nonparametric Mann-Whitney test. Mice were randomly designated to control and treatment groups and were biopsy-injured in a blinded manner. Quantification of wound bed images was done in a blinded manner.
Study approval
All animal procedures were performed in accordance with the guidelines of the NIH. The generation of the Acta2-CreER T line was approved by the Institutional Animal Care and Use Committee at Columbia University, New York, New York, USA. All other animal experiments were performed in accordance with approved protocols from the Washington University School of Medicine Animal Studies Committee. pending 8 × 10 4 cells in 100 μl lentiviral solution and incubated for 6 hours at 37°C. Cells were then washed and plated into a 24-well plate. Media were changed after 48 hours to media containing 5 μg/ml puromycin, and transduced MSCs were selected for 4 days. Remaining knockdown MSCs were maintained in media harvested from WT MSCs, filtered with a 0.2-μm syringe filter, and then mixed 1:1 with DMEM, 10 mmol/l HEPES, and 20% FBS. Cells were expanded at a ratio of no more than 2:1 to maintain sustainable density and assayed for Vegf gene expression after 3 to 5 passages after transduction. To measure Vegf mRNA in cMSCs, RNA was isolated by adding lysis buffer and using a NucleoSpin RNA Kit (Machery-Nagel). cDNAs were then synthesized using SuperScript III Reverse Transcriptase (Life Technologies), and quantitative RT-PCR was performed using SYBR Green Master Mix (Clontech Laboratories) on an Eppendorf RealPlex Mastercycler. The primer sequences were as follows: Gapdh, 5′-AGGTCGGTGTGAACGGATTTG-3′, 5′-TGTAGACCATG-TAGTTGAGGTCA-3′; Vegfa, 5′-CTTGTTCAGAGCGGAGAAAGC-3′, 5′-ACATCTGCAAGTACGTTCGTT-3′.
Flow cytometry cMSCs were resuspended in 100 μl FACS buffer (1% BSA in PBS) with the appropriate primary antibody for 30 minutes, washed twice with FACS buffer, resuspended in 100 μl FACS buffer with the appropriate secondary antibody for 30 minutes, washed again with FACS buffer, and analyzed on a FACSCalibur flow cytometer. All antibodies were used at 1:100 dilution. Analysis was performed using the FlowJo software.
Statistics
We performed all statistical analyses with Prism GraphPad 6.0. A P value of less than 0.05 was considered significant. Specific statistical tests are indicated in the figure legends. All tests were run with data from at least 5 wounds to give enough power for statistical tests. Student's t tests were 2 tailed. All parametric statistical tests meet the assumptions of the tests (normal distribution, equal variance) unless otherwise specified in the legends. Unequal variances of 1-way ANOVA were detected by Bartlett's test. Since all 1-way ANOVA tests were run with similar sample sizes, unequal variances were ignored,
